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Description 

[0001] The present invention relates generally to 
manufacturing, and, more specifically, to machining in- 
dividual workpieces. It relates to a method for re-ma- 
chining a pre-machined workpiece, see for example US 
5 288 209 and to a method of repairing a workpiece, see 
for example US 5 285 572. 

[0002] A gas turbine engine compressor includes a 
row of compressor rotor blades or airfoils extending ra- 
dially outwardly from a supporting disk. Each blade may 
include an integral dovetail for removably mounting the 
blade to the perimeter of a disk having a complementary 
dovetail slot therein. Or, the blades may be integrally 
formed with the disk in a one-piece or unitary bladed- 
disk assembly commonly referred to as a blisk. 
[0003] Each blade has an airfoil configuration with a 
generally concave pressure side and an opposite gen- 
erally convex suction side extending radially in span 
from root to tip between axially spaced apart leading and 
trailing edges. The airfoil has a complex three-dimen- 
sional (3D) configuration and typically is twisted about 
its radial stacking axis. 

[0004] Disk blades or blisk blades may be manufac- 
tured in various manners, and with different degree of 
difficulty and expense. In either case, material must be 
removed from an initial workpiece to achieve the desired 
configuration of the airfoil in accordance with its design 
specification. 

[0005] The configuration of each airfoil is typically de- 
fined by a suitable number of surface points in a three- 
dimensional coordinate system, The nominal configura- 
tion of each blade specifies its desired aerodynamic 
shape and relative position of its features. 
[0006] Since all manufacturing processes are subject 
to random variations in material removal, the nominal 
configuration is bounded by suitably small tolerances of 
larger and smaller variations in dimensions which are 
acceptable for a particular design. For example, the di- 
mensions of a particular component design may vary up 
to a few mils either greater than or less than the nominal 
dimension for the desired configuration. 
[0007] Accordingly, during the manufacture of individ- 
ual blades the final configuration thereof is never exactly 
the same as the nominal configuration but varies within 
the permitted tolerances over the entire outer surface of 
the component. Since a given rotor stage has a consid- 
erable number of blades around the perimeter of the 
supporting disk, no two blades will be identically alike 
although all the blades will be formed within the permit- 
ted tolerances of the nominal configuration. 
[0008] Random variations in the final configuration of 
the blades will occur irrespective of the particular meth- 
od of forming the blades. For example, electrochemical 
machining (ECM) erodes material from a workpiece us- 
ing a pair of cathode electrodes having contours com- 
plementary with the desired side contours of the blade. 
[0009] Individual blades may also be formed using a 



numerically controlled milling machine in which the 
nominal configuration of the blade is stored in a suitable 
coordinate system and the cutting tool follows a corre- 
sponding cutting path around the workpiece for forming 
5 the final configuration thereof. 

[0010] In both examples described above, the individ- 
ual blades are formed using the nominal configuration 
thereof subject to the permitted tolerances or variations 
in final surface dimensions. 
10 [0011] Gas turbine engine blades are typically manu- 
factured from high strength materials with a high degree 
of accuracy reflected by relatively small manufacturing 
tolerances, and thusly the cost of production is relatively 
high. A blade may be damaged during the manufactur- 
es ing process or during use in the gas turbine engine and 
it is therefore desired to repair that blade for preventing 
the wasteful scrapping thereof. 
[0012] For a rotor disk having removable blades this 
is less of a problem since an individual blade may be 
20 more readily repaired remote from the disk or simply 
substituted with another blade. However, for a blisk hav- 
ing integral blades, a damaged blade must be repaired 
in situ since otherwise the entire blisk including its many 
blades is subject to scrapping. 
25 [0013] In a recent development program, the weld re- 
pair of titanium blisks for a gas turbine compressor ap- 
plication is being explored. Damage to the relatively thin 
leading or trailing edges of an individual blade may be 
repaired by removing the damaged portion and weld re- 
30 pairing the remaining cutout. Either weld material may 
be built up in the cutout, or a suitable spad insert may 
be welded therein. 

[0014] In either case, the weld repair is intentionally 
made larger than the nominal configuration of the blade 

35 so that the repair may be subsequently blended with the 
original blade contour. Since the blade is an aerodynam- 
ic component, a smooth surface thereof is required with- 
out steps or discontinuities which would adversely affect 
aerodynamic performance. The weld repair may be 

40 manually blended to shape using a grinder, for example, 
but is subject to corresponding inaccuracies. 
[0015] Machine blending of the weld repair is desired 
but the inherent variation of the configuration of an indi- 
vidual blade from the nominal configuration introduces 

45 an additional uncertainty in the machining process 
which will cause either insufficient or excessive machin- 
ing at the weld repair relative to the undamaged adja- 
cent surfaces, and resulting discontinuities or steps 
therebetween. 

50 [0016] Accordingly, it is desired to provide a process 
for re-machining a pre-machined workpiece to a nomi- 
nal configuration within the originally specified toleranc- 
es therefor. 

[0017] The invention provides a method of machining 
55 a workpiece in which the nominal configuration of a 
workpiece is stored in a multiaxis numerically controlled 
machine. The workpiece is probed in the machine to de- 
termine an offset from the nominal configuration. The 
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workpiece is then shifted by the offset to correspond with 
the nominal configuration. The workpiece is then ma- 
chined according to the nominal configuration, while 
maintaining the offset. 

[001 8] A method of repairing a workpiece is also pro- 
vided, according to claim 8. 

[0019] The invention, in accordance with preferred 
and exemplary embodiments, together with further ob- 
jects and advantages thereof, is more particularly de- 
scribed in the following detailed description taken in con- 
junction with the accompanying drawings in which: 

Figure 1 is a schematic representation of a milling 
machine configured for machining a workpiece in 
accordance with one embodiment of the present in- 
vention. 

Figure 2 is an enlarged perspective view of a portion 
of the machine illustrated in Figure 1 including an 
exemplary blisk workpiece mounted therein. 

Figure 3 is an enlarged portion of the blisk illustrated 
in Figure 2 and a corresponding flowchart represen- 
tation of a method for repair thereof in accordance 
with an exemplary embodiment of the present in- 
vention. 

Figure 4 is an enlarged perspective view of an ex- 
emplary one of the blisk blades illustrated in Figure 
3 illustrating probing thereof. 

Figure 5 is a schematic representation of the probed 
blade illustrated in Figure 4 and a corresponding 
flowchart representation of probing thereof in ac- 
cordance with an exemplary embodiment of the 
present invention. 

[0020] Illustrated schematically in Figure 1 is a multi- 
axis numerically controlled machine 1 0 configured in ac- 
cordance with the present invention for machining a 
workpiece 1 2 in the exemplary form of a gas turbine en- 
gine compressor blisk. The machine itself may have any 
conventional configuration, such as a five axis milling 
machine in the exemplary form of a T30 Machining 
Center commercially available from the Cincinnati Ma- 
chine Company of Ohio. 

[0021] The machine includes a rotary power head or 
spindle 14 which receives a suitable machining tool or 
cutter 16 therein. The spindle 14 is pivotally mounted to 
an elevator 18 for providing one rotary axis A of move- 
ment. The elevator 18 is mounted to a corresponding 
frame and introduces a second axis of vertical transla- 
tion movement Y. 

[0022] The frame is mounted to a carriage 20 which 
introduces a horizontal translation axis of movement X 
orthogonal to the vertical translation axis Y. In this way, 
the location of the cutter 1 6 may be controlled by the 
three axes of movement X,Y,A. 



[0023] The workpiece 1 2 is mounted or fixtured atop 
a turntable 22 which introduces rotary movement B of 
the workpiece 12 about a vertical rotary axis 24 about 
which the workpiece is coaxially aligned. The turntable 
5 22 sits atop another translation carriage 26 which intro- 
duces a third translation axis of movement Z which is 
orthogonal to the horizontal and vertical movement axes 
X,Y. 

[0024] The machine is operatively controlled by a nu- 

10 merical controller 28 in which machining operations are 
programmed and stored for controlling the path of the 
cutter 16 in 3D space using the combination of the five 
machining axes X,Y,Z,A,B in a conventional manner. 
[0025] The blisk workpiece 12 is illustrated in more 

15 particularity in Figure 2 mounted in the machine. A suit- 
able fixture 30 is used to mount the blisk 1 2 with its cen- 
terline coincident with the rotary axis 24 of the turntable 
22. The blisk includes a supporting disk 12a having a 
plurality of circumferentially spaced apart blades or air- 

20 foils 1 2b extending radially outwardly from the perimeter 
thereof in a unitary or one-piece assembly. 
[0026] The blisk itself may initially be manufactured in 
any conventional manner such as by electrochemical 
machining or milling to the nominal configuration thereof 

25 within suitable tolerances as described above. For ex- 
ample, the milling machine may be initially operated in 
a conventional manner in which the nominal configura- 
tion of the blisk is stored in memory with a corresponding 
machining path for the cutter to remove material from 

30 an original workpiece blank to form the individual blades 
12b in turn, 

[0027] As indicated above, the nominal configuration 
of the desired final shape and position of the individual 
blades 12b supported by the disk 12a may be defined 

35 by a suitably large number of individual points over the 
outer contour of the individual blades as represented by 
the corresponding coordinates of the machine. For the 
five-axis machine illustrated in Figure 2, each point of 
the nominal configuration of each workpiece blade 12b 

40 is defined by the five coordinates X,Y,Z,A,B, 

[0028] The nominal configuration is suitably stored in 
the memory of the machine controller 28 along with the 
desired cutting path required for the cutter 16 to trace 
or follow the nominal configuration stored in memory. As 

45 indicated above, the multiaxis milling machine is con- 
ventional, and may be conventionally operated for use 
in initially machining all the blades 12b of the blisk to 
their final shape and position within the permitted toler- 
ances of machining. 

50 [0029] Typical machining variations prevent the many 
blades from being identical in configuration with each 
other, although they are substantially identical within the 
permitted tolerances. The permitted tolerance varia- 
tions on the final dimensions of the individual blades will 

55 result in various portions thereof being either undersize 
or oversize, which is typically different from blade to 
blade. 

[0030] Figure 3 illustrates a portion of the workpiece 
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blisk 12 having four representative blades 12b which 
were initially machined to final configuration but subject- 
ed to damage being repaired in accordance with the 
present invention. More specifically, the second blade 
illustrated in Figure 3 is shown with exemplary damage 
32 in the form of bending at the leading edge thereof 
due to foreign object damage occurring during engine 
use. It is desired to repair the damage and return the 
damaged blade to a near-original configuration within 
the permitted tolerances from the nominal configuration. 
[0031] As initially shown in Figure 3, each blade in- 
cludes a generally concave pressure side or surface 34, 
and an opposite generally convex suction side or sur- 
face 36. The two sides extend from a root 38 integral 
with the disk 12a to a radially outer tip 40. And the two 
sides extend axially between radially extending leading 
and trailing edges 42,44. 

[0032] As indicated above, the original blisk 12 illus- 
trated in Figure 3 may be initially manufactured by stor- 
ing its nominal configuration in the milling machine and 
then machining or pre-machining the blisk workpiece 
according to that nominal configuration for forming the 
final product. As shown in Figure 3, the final blisk may 
be subject to blade damage of various sorts, including 
the bend damage 32 at the leading edge 42 for example. 
[0033] The blisk may be repaired by initially removing 
the damage by cutting away the bend damage 32 and 
leaving a cutout 46 along the leading edge terminating 
at undamaged original blade material as shown for the 
third blade. The cutout may then be filled in either with 
weld material alone or a metallic spad insert welded in 
place to form a weld repair 48 which is suitably larger 
than the nominal configuration of the blade thereat as 
shown for the fourth blade, 

[0034] For clarity of presentation, Figure 3 illustrates 
one blade with the bend damage 32, another blade with 
the cutout 46, and another blade having the weld repair 
48. Figure 3 also illustrates yet another, first, blade in 
which the weld repair has been machined to the nominal 
configuration thereat in accordance with the present in- 
vention for creating a weld repair blend 48b matching 
the surface contour of the adjacent blade material within 
the permitted tolerances from nominal for eliminating or 
substantially minimizing any step discontinuities there- 
between. 

(0035] In order to machine blend the weld repair 48 to 
the original nominal configuration of the blade within the 
original tolerances, the individual blade is probed in ac- 
cordance with the present invention to initially determine 
the offset in the actual configuration of the blade surface 
from the nominal configuration due to the original ma- 
chining operation. Figure 4 illustrates schematically how 
such probing may be effected in accordance with an ex- 
emplary embodiment of the present invention. 
[0036] A conventional probe 50 is mounted in the 
spindle 14 of the multiaxis machine for using the coor- 
dinate measuring capabilities thereof to probe the sur- 
face of the workpiece blade 12b. Although the nominal 



configuration of the workpiece is stored in the machine, 
the actual configuration of the premachined 12b ran- 
domly varies therefrom within the permitted original tol- 
erances. Any attempt to simply machine the weld repair 

5 48 based on the nominal configuration alone, with the 
blisk being conventionally referenced in the machine, 
would result in either insufficient or excessive material 
removal at the repair and a corresponding step with the 
undamaged adjacent material since the actual position 

10 of the adjacent material is unknown due to the random 
variation originally provided. 

[0037] Accordingly by initially probing the workpiece 
fixtured within the machine itself the offset of the work- 
piece from the nominal configuration stored in the ma- 

15 chine memory may be determined. As shown in Figure 
1, the workpiece may then be shifted in position in the 
machine by the so determined offset to correspond with 
the nominal configuration stored in the machine. 
[0038] In this way, the actual, probed, configuration of 

20 the undamaged blade is determined and best fit with the 
stored nominal configuration so that machining of the 
weld repair corresponds with the stored nominal config- 
uration will better match the actual configuration of the 
individual blade to effect machine blending with little or 

25 no step with adjacent undamaged material within the 
original manufacturing tolerances. The shifted work- 
piece may then be conventionally machined according 
to the stored nominal configuration for removing the ex- 
cess material at the weld repair and provide a relatively 

30 smooth machine blend with the adjoining original mate- 
rial. 

[0039] As shown schematically in Figure 4, the nom- 
inal configuration of the blade 12b may be defined by 
coordinates corresponding with the available multiple 

35 axes of the specific machine, such as coordinates rep- 
resenting the X,Y,Z,A,B movement axes. Although all 
five coordinate axes may be used in determining the off- 
set of the actual blade configuration from the stored 
nominal configuration, examination of the particular 

io workpiece geometry and testing permits probing of the 
workpiece in fewer than all of the available multiple axes 
to sufficiently determine the offset for minimizing the 
step discontinuity at the junction of the weld repair and 
original material following machine blending. 

45 [0040] For example, since the individual blades 12b 
illustrated in Figure 2 are cantilevered from the support- 
ing disk 12a and extend radially outwardly from the ro- 
tary axis 24 of the turntable 22, probing of the workpiece 
blade in the machine may be effected to determine a tilt 

so offset of the blade from the nominal configuration corre- 
sponding with the rotational axis 24 of the machine turn- 
table 22. As illustrated in Figure 3, the individual blades 
12b may have a twisted or inclined configuration about 
corresponding radial stacking axes of the disk 1 2a which 

55 correspond with the translation axis Z when aligned 
therewith. Accordingly, the blades 12b may additionally 
or alternatively be probed in the machine to determine 
a lateral or translation offset of the blade from the nom- 
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inal configuration corresponding with a linear translation 
axis, such as either machine axis X or Y, along which 
the cutter is translated during machining. 
[0041] The cantilevered blades 12b illustrated in Fig- 
ure 3 are subject to elastic deflection during original ma- 
chining which causes variation in the actual machined 
configuration thereof along the three coordinate axes X, 
Y,Z. By shifting the initial reference position of the blisk 
1 2 to compensate for the probed offset between the ac- 
tual configuration of each blade and the nominal config- 
uration thereof, the machining path of the cutter pro- 
grammed in the machine to correspond with the nominal 
configuration better fits the actual configuration of each 
blade probed prior to machining for machining the weld 
repair within the original tolerances from nominal. 
[0042] Figure 4 illustrates schematically an exempla- 
ry manner for probing the workpiece blade 12b. The il- 
lustrated blade 12b has a premachined actual configu- 
ration shown in solid line, and the exemplary weld repair 
48 along the outer span portion of the leading edge 42. 
Shown in phantom line surrounding the blade is an en- 
velope 52 representing the nominal configuration of the 
airfoil and the maximum positive tolerance permitted 
therefor. The positive tolerance is typically up to a few 
mils larger than the nominal configuration dimensions. 
The minimum or negative tolerance permits undersize 
dimensions which are represented by surface contours 
within the solid line contour of the illustrated blade. 
[0043] In order to suitably reference the actual blade 
12b in the machine relative to the stored nominal con- 
figuration for the blade, the blade is probed at one or 
more spaced apart probed points P1-12. Since only the 
weld repair 48 requires machining, the probe points are 
preferably located closely adjacent to the border of the 
repair 48 on the original parent material of the blade 12b 
which has not undergone repairing. 
[0044] Figure 5 illustrates schematically exemplary 
methods of probing the blade 1 2b shown in relevant sec- 
tion along the exemplary twelve probe points in greatly 
exaggerated configuration for clarity of presentation. 
Shown in dashed line at the left of Figure 5 is a portion 
of the nominal configuration 54 which is stored in the 
machine memory and from which the original blade 12b 
was machined. The nominal configuration 54 typically 
has a centerline aligned with a radial axis 56 of the blade 
which extends radially outwardly from the axial center- 
line axis of the rotor disk mounted coaxially with the ro- 
tary axis 24 of the supporting turntable. The nominal 
configuration 54 illustrated in Figure 5 represents how 
the machine views the actual blade 12b fixtured therein. 
However, as indicated above, due to the original ma- 
chining variations of the blade, the blade varies from the 
nominal configuration in a random manner. 
[0045] Figure 5 also illustrates on the left an exagger- 
ated tilt offset of the blade relative to the nominal con- 
figuration and represented by a tilt angle T which may 
be measured relative to the radial axis 56. In order to 
determine the tilt offset T between the actual blade and 



the nominal configuration, the blade is preferably 
probed at two or more points. 

[0046] Since the blade is subject to machining varia- 
tion on both of its opposite sides 34,36, the blade is pref- 
5 erably probed at a pair of radially spaced apart points 
P1,6 and P7.12 on each of the two sides to determine 
the workpiece tilt thereat. 

[0047] Since the blade 12b is fixtured in the machine 
for rotation about the rotational axis 24, the probe points 

10 for determining tilt offset are preferably spaced apart ra- 
dially along the radial axis 56, and radially outwardly 
from the rotational axis 24. Probe points P1 ,7 are locat- 
ed near the blade tip 40 on the undamaged original sur- 
face closely adjacent to the boundary of the weld repair 

is 48 as additionally illustrated in Figure 4. Probe point 
P6.12 are located radially inwardly therefrom near the 
innermost boundary of the weld repair 48. 
[0048] The outer two probe points P1 ,7 are preferably 
located opposite to each other along the span of the 

zo blade, and the inner probe point P6.12 are also prefer- 
ably located opposite to each other near the bottom of 
the blade. The probe 50 is then moved to each of the 
four probe points P1 ,6,7,12 to determine the actual co- 
ordinates thereof using the coordinate measuring capa- 

25 bility inherent in the machine. 

[0049] The various probe points preferably corre- 
spond with similar points defining the nominal configu- 
ration of the blade. Accordingly, the midpoints between 
the outer probe points P1,7 and inner probe points 

30 P6.12 may be calculated to define a line therebetween. 
The orientation of this centerline may then be compared 
with the corresponding orientation of the similar center- 
line calculated from the corresponding four points of the 
nominal configuration. In this way, the relative tilt offset 

35 T therebetween may be determined and is illustrated in 
Figure 5. 

[0050] This relative tilt offset T between the actual 
blade fixtured in the machine and the nominal configu- 
ration stored therein may be corrected using the B offset 

40 feature found in the machine. Upon probing the blade 
for determining the tilt offset T, the turntable supporting 
the blisk may be rotated for shifting the probed blade by 
the same amount of offset T to correspond with the nom- 
inal tilt configuration stored in the machine memory and 

45 radially align the actual blade with the nominal configu- 
ration. This is shown in Figure 5 wherein the actual blade 
1 2b at the left may be shifted to the right by the rotational 
B-offset having the magnitude of the probed tilt offset T. 
This rotary shifting or indexing of the blade effectively 

so positions the blade parallel to the nominal configuration 
stored in the machine and reduces or eliminates the 
probed tilt offset. 

[0051] Since the blade 12b is also subject to lateral 
variation in configuration relative to the nominal config- 
55 uration 54, the blade is preferably also probed at one of 
the probe points on at least one of the two sides 34,36 
to determine the lateral offset L thereat. If the weld repair 
is made solely on one of the two sides, then lateral prob- 
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ing may be conducted on that side only. 
[0052] However, since the exemplary weld repair il- 
lustrated in Figure 4 is exposed on both sides of the 
blade, the blade is preferably probed at a pair of oppo- 
site probe points on opposite sides of the blade to de- 
termine an average lateral offset of the blade thereat. 
Since each side of the blade is subject to machining var- 
iation within the specified configuration tolerances, lat- 
eral probing is preferred on both sides. By averaging the 
lateral offset on both sides of the blade with correspond- 
ing points of the nominal configuration, the blade may 
be centered for best-fit in the machine to correspond 
with the stored nominal configuration. 
[0053] The lateral offset L illustrated in Figure 5 may 
be implemented in the machine using the conventional 
transverse axis X-offset feature provided therein having 
a magnitude equal to the probed lateral offset L. The 
lateral shifting or indexing of the blade reduces or elim- 
inates the probed lateral offset. Machining of the weld 
repair may then be more accurately performed in ac- 
cordance with the original, stored nominal configuration 
within the specified tolerances thereof. 
[0054] In the preferred embodiment, the blade is 
probed at a plurality of probe points on each of the two 
opposite sides, with the points thereon being corre- 
spondingly opposite to each other to determine an av- 
erage lateral offset of the workpiece thereat. Figures 4 
and 5 illustrate twelve exemplary probe points P1-1 2 ar- 
ranged in opposite groups of six along the border of the 
weld repair 48. 

[0055] Since each of the probe points has a corre- 
sponding point in the nominal configuration of the blade, 
the coordinate measuring capability of the machine may 
be used to determine the lateral offset along the exem- 
plary translation axis X as illustrated in Figure 5 between 
each probe point and its nominal counterpart. By aver- 
aging the lateral offsets of the twelve probe points an 
average lateral offset L may be determined therefor. The 
transverse X-offset in the machine illustrated in Figure 
1 may then be used to effect the probed lateral offset L 
along the X axis for shifting the workpiece blade by the 
lateral offset L to correspond with the nominal configu- 
ration along this axis. 

[0056] Accordingly, the blade 12b illustrated in Figure 
5 may be shifted in B-offset rotation corresponding with 
the probed tilt offset T and in the X-offset translation cor- 
responding with the lateral offset L which then aligns in 
a best fit the actual probed configuration of the blade 
with the nominal configuration stored in the machine. 
The machine may then be operated for machining the 
weld repair to the nominal configuration therefor to ob- 
tain the machined blend 48b shown in Figure 3. The 
transition of the machined blend 48b to the original ad- 
jacent material of the blade will be effected within the 
original tolerances for the nominal configuration, and 
minimizes or eliminates any discontinuous step thereat. 
Subsequent manual blending of the weld repair may be 
minimized or eliminated in this manner. 



[0057] For the exemplary radially extending weld re- 
pair 48 illustrated in Figure 4, testing has shown that 
twelve probe points evenly distributed in groups of six 
on opposite sides of the blade provide an optimum best 

5 fit of the actual blade to the nominal configuration for 
minimizing resulting step discontinuity at the junction of 
the weld repair and parent material. Probe points greatly 
exceeding twelve were also evaluated and failed to pro- 
duce any better fit and are thusly undesirable in view of 

10 the added inspection time required therefor. Fewer than 
twelve probe points were also tested and resulted in less 
accurate fitting of the blade to the nominal configuration. 
[0058] The number of probe points used for determin- 
ing the tilt offset T is preferably fewer than the lateral 

15 probe points, and is preferably four probe points as in- 
dicated above for determining tilt offset using both sides 
of the blade. As few as two tilt probe points, however, 
could be used for a one-side repair if desired. 
[0059] In the preferred embodiment illustrated in Fig- 

20 ures 1 and 2, the tilt offset T is firstly determined in the 
machine, and then the blade is shifted by the so deter- 
mined tilt offset using the rotational B-offset feature. The 
rotary shifted blade is then laterally probed for determin- 
ing the lateral offset L and is then further shifted by the 

25 so determined lateral offset L using the translational X- 
offset. Machining of .the so offset blade 1 2b may then 
be conventionally preformed in the region limited to the 
weld repair for returning that region to the nominal con- 
figuration within the specified tolerances therefor. 

30 [0060] Tilt and lateral probing of the workpiece fol- 
lowed by corresponding shifting therefor, is typically suf- 
ficient in a single sequence for best fitting the blade to 
the nominal configuration and achieving accurate ma- 
chine blending of the weld repair within the specified tol- 

35 erances. However, prior to actual machining, the tilt and 
lateral probing may be conducted again in a second se- 
quence of operation to either refine the required rotary 
and lateral offsets or confirm the initially determined val- 
ues. Testing has shown that a single sequence is suffi- 

40 cient. However, in other workpiece configurations itera- 
tive probing may be desired for improving the accuracy 
of the subsequent machining to the original nominal 
configuration. 

[0061] In the exemplary embodiment illustrated in Fig- 
45 ure 2, the workpiece undergoing machining is one of the 
several generally identical blades extending radially out- 
wardly from the supporting disk 1 2a of the blisk. In prac- 
tice each of the blades is not identical in configuration 
but is subject to the random variation and configuration 
50 due to the original manufacturing process therefor. 
[0062] Since the disk is fixtured in the machine for ro- 
tation about the rotational axis 24 the same probing 
process may be repeated for each blade requiring re- 
pair. Since each blade is randomly different in configu- 
55 ration from the nominal, each blade requiring repair is 
preferably probed at the desired probe points spaced 
radially apart from each other from the rotational axis 
24. Probing of one blade will most likely result in different 
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tilt and lateral offsets from those required for any of the 
other blades requiring repair. 

[0063] However, the probing operation itself may be 
programmed into the controller 28 for automating the 
operation and automatically determining the required B 
and X offsets used in machining any given blade. The 
nominal configuration of the workpiece remains un- 
changed in the machine, and instead the corresponding 
offsets are effected in initially referencing an individual 
blade in the machine. 

[0064] Since the cutting tool 1 6 illustrated in Figure 1 
is mounted in the spindle 14 for translation in two axes 
X,Y and is also mounted for pivoting in one rotational 
axis A, the lateral offset L illustrated in Figure 5 may be 
determined along any one of the two translation axes X, 
Y. 

[0065] As shown in Figure 3, each blade includes 
twists along its radial span axis and is thusly oblique to 
both the two translations axes X,Y, and therefore man- 
ufacturing variations in the configuration of the blade are 
typically found along both axes X,Y. The lateral offset L 
may therefore be determined along either axis X,Y, but 
in the preferred embodiment is determined along the 
horizontal translation axis X which extends generally 
tangentially to the perimeter of the disk from which the 
blades extend radially outwardly. 
[0066] Since both sides of each blade are subject to 
original machining variation along the X and Y axes, 
each blade is preferably probed on both sides thereof 
for separately determining the required tilt offset T from 
the nominal configuration corresponding with the rota- 
tional axis 24 along the centerline of the disk, and the 
lateral offset L from the nominal configuration corre- 
sponding with the linear translation axis X which is nor- 
mal to the radial axis 56. 

[0067] The repair method described above has par- 
ticular utility for repairing expensive unitary blisks which 
may have damage to the leading or trailing edges of any 
one or more of the blades thereof. The locally damaged 
region of the blade is cut away and weld repair is used 
for rebuilding the cut-away region larger than the nom- 
inal configuration thereat. The weld repair must then be 
re-machined back to the nominal configuration therefor 
within specified tolerances with little or no step discon- 
tinuity remaining at the interface between the weld re- 
pair and the original blade material. 
[0068] By probing the repaired blade closely adjacent 
to the weld repair, the offset between the actual config- 
uration and the nominal configuration stored in the ma- 
chine may be precisely determined. The probed offsets 
may then be used for best fitting the blade to the nominal 
configuration using the available offset coordinates of 
the machine which effectively shifts the nominal config- 
uration and corresponding numerically controlled cutter 
path to the specific blade presented for repair machin- 
ing. The resulting machining of the weld repair may be 
effected within the specified tolerances from the nominal 
configuration. 



[0069] Test parts have been re-machined to less than 
about two mils within the nominal configuration for the 
blade at all locations along the extent of the weld repair. 
The two mil machine blending is well within the capabil- 
5 ity of manual hand polishing to complete the blending of 
the weld repair if desired. 

[0070] Although the method described above has par- 
ticular utility for machining repaired blisk airfoils, it may 
be used for any type of pre-machined part acquiring sub- 

10 sequent machining to the nominal configuration there- 
for. Any workpiece removed from its fixturing in a nu- 
merically controlled machine necessarily loses its orig- 
inal reference with the nominal configuration stored in 
the machine. The original reference feature for a work- 

16 piece is useful during the initial machining of the work- 
piece but is rendered obsolete once machining is com- 
plete and the random variations of the configuration 
from nominal are made. And, any initial offsets used for 
initial referencing of a workpiece are also rendered ob- 

20 solete upon completion of the initial machining of the 
component. 

[0071] The exemplary embodiments of the probing 
described above permit the available offset capabilities 
of a machine to be used for repositioning a workpiece 

25 jn a best fit approximation to the original nominal con- 
figuration therefor. In this way, re-machining of the same 
workpiece may be effected using the original nominal 
configuration of the workpiece, and adjusting the actual 
configuration in 3D space of the re-fixtured workpiece 

so to best correspond thereto. Re-machining of the original 
workpiece, at a weld repair location for example, may 
then be conducted in an otherwise conventional manner 
with the advantage of precise correspondence between 
the actual and nominal configurations of the component 

as so that it may be re-machined within the original manu- 
facturing tolerances. 

Claims 

40 

1. A method of re-machining a pre-machined work- 
piece, 12b such as a unitary bladed-disk assembly 
in a multiaxis numerically controlled machine 10 
comprising: 

storing in said machine 10 a nominal configu- 
ration of said workpiece defined by coordinates 
of said multiple axes; 

probing said workpiece in said machine to de- 
so termine offset T,L of said workpiece from said 

nominal configuration; 

shifting said workpiece by said offset to corre- 
spond with said nominal configuration; and 
machining said shifted workpiece according to 
ss said nominal configuration while maintaining 

said offset. 

2. A method according to claim 1 wherein said probing 
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step comprises probing said workpiece 12b in said 
machine 1 0 to determine tilt offset of said workpiece 
from said nominal configuration corresponding with 
a rotational axis 24 of said machine. 

3. A method according to claim 2 wherein said work- 
piece 12b includes opposite sides 34,36 and is 
probed at a pair of spaced apart points P1 ,6,7,12 
on each of said sides to determine said tilt offset. 

4. A method according to claim 1 wherein said probing 
step comprises probing said workpiece 12b in said 
machine 10 to determine lateral offset of said work- 
piece from said nominal configuration correspond- 
ing with a linear axis of said machine. 

5. A method according to claim 4 wherein said work- 
piece 12b includes opposite sides 34,36 and is 
probed at a point P1-1 2 on at least one of said sides 
to determine said lateral offset. 

6. A method according to claim 1 further comprising: 

probing said workpiece 12b in said machine 10 
to determine tilt offset of said workpiece from 
said nominal configuration corresponding with 
a rotational axis 24 of said machine; and 
probing said workpiece 12b in said machine 10 
to determine lateral offset of said workpiece 
from said nominal configuration corresponding 
with a linear axis of said machine. 

7. A method according to claim 6 wherein said work- 
piece includes opposite sides 34,36 and is probed 
at a plurality of points P1-12 on each of said oppo- 
site sides to determine said lateral offset, and is fur- 
ther probed at fewer than said lateral probe points 
to determine said tilt offset. 

8. A method of repairing a workpiece 1 2b such as a 
unitary bladed-disk assembly, in a multiaxis numer- 
ically controlled machine 10 comprising: 

storing in said machine 10 a nominal configu- 
ration of said workpiece defined by coordinates 
of said multiple axes; 

pre-machining said workpiece according to 
said nominal configuration; 
repairing said workpiece with a repair 48 larger 
than said nominal configuration; 
probing said workpiece in said machine to de- 
termine offset of said workpiece from said nom- 
inal configuration; 

shifting said workpiece by said offset to corre- 
spond with said nominal configuration; and 
machining said shifted workpiece at said repair 
according to said nominal configuration while 
maintaining said offset. 



9. A method according to claim 8 further comprising: 

fixturing said workpiece 1 2b in said machine for 
rotation about a rotational axis 24; and 
5 probing said workpiece at a plurality of points 

P1-12spaced radially apart from said rotational 

10. A method according to claim 9 wherein said work- 
to piece includes opposite sides 34, 36 including said 

probe points, and is probed on both sides thereof 
for separately determining a tilt offset from said 
nominal configuration corresponding with said rota- 
tional axis, and a lateral offset from said nominal 
15 configuration corresponding with a linear axis nor- 
mal to a radial axis from said rotational axis. 



Patentanspriiche 

20 

1. Verfahren zum Nacharbeiten eines vorbearbeiteten 
WerkstOckes (12b), wie beispielsweise einer ein- 
heitlichen mit Schaufeln versehenen Scheibenein- 
richtung, in einer vielachsigen numerisch gesteuer- 

25 ten Maschine (10), enthaltend: 

Speichern in der Maschine (10) einer nomina- 
len Konfiguration von dem WerkstOck, die 
durch Koordinaten der vielen Achsen definiert 

30 ist, 

Prtifen des WerkstOckes in der Maschine, urn 
eine Versetzung (T,L) des WerkstOckes von der 
nominalen Konfiguration zu ermitteln, 
Verschieben des WerkstOckes urn die Verset- 

35 zung, urn der nominalen Konfiguration zu ent- 

sprechen, und 

Bearbeiten des verschobenen WerkstOckes 
gemass der nominalen Konfiguration, wShrend 
die Versetzung beibehalten wird. 

40 

2. Verfahren nach Anspruch 1 , wobei der PrOfschritt 
enthait, daft das WerkstOck (12b) in der Maschine 
(10) geprOft wird, urn eine Neigungsversetzung des 
WerkstOckes aus der nominalen Konfiguration ent- 

45 sprechend einer Drehachse (24) der Maschine zu 
ermitteln. 

3. Verfahren nach Anspruch 2, wobei das WerkstOck 
(12b) gegenuber liegende Seiten (34, 36) aufweist 

50 und an zwei im Abstand angeordneten Punkten 
P1 ,6,7,22 auf jeder der Seiten geprOft wird, urn die 
Neigungsversetzung zu ermitteln. 

4. Verfahren nach Anspruch 1, wobei der PrOfschritt 
55 enthSIt, daft das WerkstOck (1 2b) in der Maschine 

(10) geprOft wird, urn eine laterale Versetzung des 
WerkstOckes aus der nominalen Konfiguration ent- 
sprechend einer linearen Achse der Maschine zu 
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5. Verfahren nach Anspruch 4, wobei das WerkstOck 
(12b) gegenuber liegende Seiten (34, 36) aufweist 
und an einem Punkt P1 -1 2 auf wenigstens einer der 
Seiten geprOft wird, urn die laterale Versetzung zu 
ermitteln. 

6. Verfahren nach Anspruch 1 , ferner enthaltend: 

PrOfen des Werkstuckes (1 2b) in der Maschine 
(10), um die Neigungsversetzung des Werk- 
stQckes aus der nominalen Versetzung ent- 
sprechend einer Drehachse (24) der Maschine 
zu ermitteln, und 

PrUfen des WerkstOckes (12b) in der Maschine 
(10), um die laterale Versetzung des WerkstGk- 
kes aus der nominalen Versetzung entspre- 
chend einer linearen Achse der Maschine zu 
ermitteln. 

7. Verfahren nach Anspruch 6, wobei das WerkstOck 
gegenuber liegende Seiten (34, 36) aufweist und an 
einer Anzahl von Punkten P1-12 auf jeder der ge- 
genuber liegenden Seiten gepruft wird, um die late- 
rale Versetzung zu ermitteln, und es ferner an we- 
niger als den lateralen PrOfpunkten gepruft wird, um 
die Neigungsversetzung zu ermitteln. 

8. Verfahren zum Reparieren eines Werkstuckes 
(12b), wie beispielsweise einer einheitlichen mit 
Schaufeln veresehenen Scheibeneinrichtung, in ei- 
ner vielachsigen numerisch gesteuerten Maschine 
(10), enthaltend: 

Speichern in der Maschine (10) einer nomina- 
len Konfiguration von dem WerkstOck, die 
durch Koordinaten der vielen Achsen definiert 
ist, 

Vorbearbeiten des WerkstOckes gemass der 
nominalen Konfiguration, 
Reparieren des Werkstuckes mit einer Repara- 
tur (48), die grosser als die nominale Konfigu- 
ration ist, 

Prufen des Werkstuckes in der Maschine, um 
eine Versetzung des WerkstOckes aus der no- 
minalen Konfiguration zu ermitteln, 
Verschieben des Werkstuckes um die Verset- 
zung, um der nominalen Konfiguration zu ent- 
sprechen, und 

Bearbeiten des verschobenen WerkstOckes an 
der Reparatur gemass der nominalen Konfigu- 
ration, wahrend die Versetzung beibehalten 
wird. 

9. Verfahren nach Anspruch 8, ferner enthaltend: 



schine for eine Rotation um eine Drehachse 
(24) und 

PrOfen des WerkstOckes an einer Anzahl von 
Punkten P1-12, die radial im Abstand von der 
Drehachse angeordnet sind. 

10. Verfahren nach Anspruch 9, wobei das WerkstOck 
gegenuber liegende Seiten (34, 36) mit den PrOf- 
punkten aufweist und auf seinen beiden Seiten ge- 
prOft wird, um getrennt eine Neigungsversetzung 
aus der nominalen Konfiguration entsprechend der 
Drehachse und eine laterale Versetzung aus der 
nominalen Konfiguration entsprechend einer linea- 
ren Achse senkrecht zu einer radialen Achse von 
der Drehachse zu ermitteln. 



Revendications 

20 1. Precede de re-usinage d'une piece pre-usinee 
(12b) telle qu'un ensemble aubes et disque combi- 
nes dans une machine a commande numerique a 
axes multiples (1 0), comprenant les etapes consis- 
tent a: 

25 

memoriser dans ladite machine (10) une confi- 
guration nominale de ladite piece definie par 
des coordonnees desdits multiples axes; 
contrdler ladite piece dans ladite machine afin 

30 de determiner un decalage (T, L) de ladite piece 

par rapport a ladite configuration nominale; 
decaler ladite piece dudit decalage afin qu'elle 
corresponde a ladite configuration nominale; et 
usiner ladite piece decalee conformement a la- 

35 dite configuration nominale tout en maintenant 

ledit decalage. 

2. Precede selon la revendication 1 , dans lequel ladite 
etape de contrdle comprend le fait de contr&ler la- 
40 dite piece (12b) dans ladite machine (10) afin de 
determinerun decalage d'inclinaison de ladite piece 
par rapport a ladite configuration nominale corres- 
pondant a un axe de rotation (24) de ladite machine. 

45 3. Precede selon la revendication 2, dans lequel ladite 
piece (12b) presente des c6tes opposes (34, 36) et 
est controlee en une paire de points (P1 , 6, 7, 12) 
espaces I'un de I'autre sur chacun desdits c8tes afin 
de determiner ledit decalage d'inclinaison. 

50 

4. Precede selon la revendication I, dans lequel ladite 
etape de contrdle comprend le fait de contrdler la- 
dite piece (12b) dans ladite machine (10) afin de 
determiner un decalage lateral de ladite piece par 
55 rapport a ladite configuration nominale correspon- 
dant a un axe de translation de ladite machine. 



Befestigen des Werkstuckes (12b) in der Ma- 5. Precede selon la revendication 4, dans lequel ladite 
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piece (12b) presente des cdtes opposes (34, 36) et 
est contrdlee en un point (P1-12) sur au moins un 
desdits cotes afin de determiner ledit decalage la- 
teral. 

5 

6. Procede selon la revendication 1, comprenant en 
outre les etapes consistant a: 

contrdler ladite piece (1 2b) dans ladite machine 
(10) afin de determiner un decalage d'inclinai- w 
son de ladite piece par rapport a ladite configu- 
ration nominate correspondant a un axe de ro- 
tation (24) de ladite machine; et 
contrdler ladite piece (1 2b) dans ladite machine 
(10) afin de determiner un decalage lateral de '5 
ladite piece par rapport a ladite configuration 
nominale correspondant a un axe de transla- 
tion de ladite machine. 

7. Procede selon la revendication 6, dans lequel ladite 20 
piece presente des cdtes opposes (34, 36) et est 
contrdlee en une plurality de points (P1 -1 2) sur cha- 
cun desdits cdtes opposes afin de determiner ledit 
decalage lateral, et est en outre contrdlee en des 
points en nombre inferieur aux dits points de con- 25 
trole lateral afin de determiner ledit decalage d'in- 
clinaison. 

8. Procede de reparation d'une piece (1 2b) telle qu'un 
ensemble aubes et disque combines dans une ma- 30 
chine a commande numerique a axes multiples 
(10), comprenant les etapes consistant a: 

memoriser dans ladite machine (10) une confi- 
guration nominale de ladite piece definie par 35 
des coordonnees desdits multiples axes; 
pre-usiner ladite piece conformement a ladite 
configuration nominale; 
reparer ladite piece par une reparation (48) plus 
grande que ladite configuration nominale; 40 
contrdler ladite piece dans ladite machine afin 
de determiner un decalage de ladite piece par 
rapport a ladite configuration nominale; 
decaler ladite piece dudit decalage afin qu'elle 
corresponde a ladite configuration nominale; et 45 
usiner ladite piece decalee au niveau de ladite 
reparation conformement a ladite configuration 
nominale tout en maintenant ledit decalage. 

9. Procede selon la revendication 8, comprenant en so 
outre les etapes consistant a: 

fixer ladite piece (12b) dans ladite machine en 
vue d'une rotation autour d'un axe de rotation 
(24); et 55 
contrdler ladite piece en une pluralite de points 
(P1-12) espaces radialement dudit axe de ro- 
tation. 



10. Procede selon la revendication 9, dans lequel ladite 
piece presente des cdtes opposes (34, 36) incluant 
lesdits points de controle, et est contrdlee sur ses 
deux cdtes en vue de determiner separement un 
decalage d'inclinaison par rapport a ladite configu- 
ration nominale correspondant audit axe de rota- 
tion, et un decalage lateral par rapport a ladite con- 
figuration nominale correspondant a un axe de 
translation perpendiculaire a un axe radial par rap- 
port audit axe de rotation. 
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